ABSTRACT It has been suggested that the beneficial effects of reperfusing ischemic myocardium might be in part reversed by the occurrence of "reperfusion injury." One possible mechanism could be the generation of oxygen free radicals. Superoxide dismutase enzymatically scavenges superoxide radicals by dismutation to hydrogen peroxide. This study tested the hypothesis that administration of recombinant human superoxide dismutase (h-SOD) at the time of reflow after a period of prolonged global ischemia would result in improved recovery of myocardial metabolism and function by preventing or reducing a potentially harmful component of reperfusion. We also sought to determine whether catalase, an enzymatic scavenger of hydrogen peroxide, was a necessary addition for optimal benefit.
oxide anions ( 02), at the time of reoxygenation. We have recently documented, using electron paramagnetic resonance techniques, a marked increase in free radical concentration within the first 30 sec of postischemic reperfusion in isolated rabbit hearts.5
This study was designed to test two hypotheses. The first hypothesis was that the administration of the oxygen free radical scavenger, recombinant human superoxide dismutase (h-SOD), beginning at the time of reperfusion after a period of total global ischemia, would result in improved recovery of myocardial highenergy phosphates and left ventricular function by preventing or reducing a potentially harmful component of cell damage caused by reperfusion. Since hydrogen peroxide is the product of the dismutation reaction catalyzed by h-SOD and since hydrogen peroxide itself may be potentially harmful,6 catalase would be a logical addition to h-SOD. Therefore, the second hypothesis was that catalase, a hydrogen peroxide scavenger, would provide improved metabolic and/or functional recovery compared with that obtained with h-SOD alone.
Materials and methods
Isolated heart preparation. Female New Zealand white rabbits (1.5 to 2.0 kg) were heparinized and anesthetized, and their hearts were removed and quickly placed into cold perfusate. The ascending aorta was cannulated and the hearts were perfused retrogradely under constant pressure (80 mm Hg) with a modified Krebs-Ringer's bicarbonate (KRB) buffer solution containing 117 mM sodium chloride, 6.0 mM potassium chloride, 3 .0mM calcium chloride, 1.0mM magnesium sulfate, 0.5 mM EDTA, 16.7 mM glucose, and 24mM sodium bicarbonate, pH 7.4. The perfusate was bubbled continuously with a gas mixture containing 95% oxygen and 5% carbon dioxide. The hearts were paced at 175 beats/min with a wick electrode containing saturated potassium chloride, encased in polyethylene tubing, placed at the apex of the right ventricular cavity and connected to a Grass SD-9 stimulator. To assess contractile function, a latex balloon was inserted into the left ventricular cavity through the mitral opening and secured with a ligature that included the left atrial remnants. The balloon was tied to the end of a 100 cm segment of PE 190 tubing, carefully purged of air bubbles and connected via a three-way stopcock to a Statham P23Db transducer. Left ventricular pressure was recorded with a Brush two-channel direct-writing recorder. The balloon was initially inflated via a syringe with a volume of saline sufficient to produce an end-diastolic pressure of 10 mm Hg. All subsequent measurements of left ventricular developed pressure, calculated as the difference between peak systolic and end-diastolic pressure, were made at this same end-diastolic volume (i.e., isovolumic). Coronary flow was measured intermittently by vacuum aspiration of perfusate overflow.
Nuclear magnetic resonance (NMR) methods. 3lP-NMR spectra were obtained with a Brucker WH 180 spectrometer at 4.23 Tesla. At this field strength phosphorus resonates at 72.89 MHz. The diameter of the probe was 25 mm. The instrument was operated in the pulsed Fourier transform mode and interfaced to a Nicolet 1280 computer and the data were collected on high-density magnetic disks. Because of the field stability of the superconducting magnet, field/frequency lock was not required. Five minute proton decoupled spectra were collected from transients following 45 
Results
Quantity of free radical scavengers administered. Since after the initial 60,000 IU bolus, hearts were perfused with a known concentration of h-SOD or h-SOD plus catalase during the first 15 min of reperfusion, the total quantity of enzymes delivered to each heart varied with coronary flow. The total dose of h-SOD received by group II hearts ranged from 94,000 to 106,000 IU, i.e., 100,000 IU ± 6%. A similar range of ± 6% for the total dose was also found for group III hearts, which received a fixed concentration of both h-SOD and catalase during the first 15 min of reperfusion.
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.,- figure 6 ). At the end of the reperfusion period, coronary flow in untreated (group I) hearts was 59 ± 5% of control compared with 72 ± 5% and 69 ± 7% of control in groups II and III (treated hearts), respectively (p = NS for groups II and III vs group I by corrected t tests).
Discussion
Our results demonstrate that administration of the oxygen free radical scavenger, h-SOD, at 24 This latter mechanism, however, would not explain generation of free radicals within the first several minutes of reperfusion nor the benefits observed in the present study, which used a non-blood containing perfusate.
Previous studies from this laboratory have demonstrated the usefulness of 3IP-NMR spectroscopy for the biochemical evaluation of interventions designed to reduce ischemic damage.7'25 2IP-NMR spectroscopy allowed us to document that the severity of the ischemic insult was identical in each of the experimental groups before the administration of the intervention specifically designed to reduce or prevent reperfusion injury.
The 31P-NMR technique also allowed continuous and noninvasive assessment of subsequent recovery of myocardial metabolism. In the present study, PCr content fell progressively to less than 10% of control after 30 min of ischemia in all groups of hearts. Reperfusion promptly restored PCr content to near-normal levels in both groups of treated hearts, whereas PCr recovery in untreated hearts remained below 70% of preischemic control throughout the reperfusion period. As can be seen in figure 2, these differences in PCr content were already evident in the 3 1P-NMR spectra obtained within the first 5 min of reperfusion. Several possible mechanisms could be responsible for this impaired recovery of PCr content during the early minutes of postischemic reperfusion. Recent studies have demonstrated that mitochondrial function can be damaged by exposure in vitro to exogenous free radicals'7 or to high concentrations of oxygen, which presumably increases endogenous production of oxygen radicals. 26 It is noteworthy that intracellular pH remained significantly lower in untreated than in treated hearts during the first 15 min of reperfusion. Since the equilibrium constant for the creatine kinase reaction is extremely sensitive to pH,27 even a small reduction in pHi could slow the rate of recovery of PCr content. Finally, it is possible that significant leakage of creatine and/or phosphate occurred from more severely injured cells. Depletion of these substrates would also impair recovery of PCr content after reperfusion.
The small differences in recovery of ATP content between treated and untreated hearts are in marked contrast to the larger differences noted for PCr content and ventricular function. After 15 min of reflow ATP contents were virtually identical in all groups of hearts, a time when PCr contents were already markedly different. Differences in ATP content remained small among groups of hearts even at the end of the 45 min reperfusion period. This weak correlation between recovery of ATP content and contractile function in postischemic hearts has also been reported by other investigators. 2>30 
